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Abstract 
For the thin metal foil cooling that is not very intense, the temperature change in thickness can be neglected when 
the Biot number Bi<0.1. In this way the problem has been treated as unsteady and one-dimensional, and solved 
numerically using MATLAB computational software. The results are given for the thin cylindrical copper foil of the 
radius of R=25 mm and different thickness ranging from 0.2 to 2.0 mm. 
In the case of the copper foil with a thickness h=0.2 mm at t=0.05 s, the temperature at the center decreases ~3.3oC, 
while the rate of the temperature decrease is above 61.5 K/s and for higher foil thickness both values are 
significantly lower. 
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1. Introduction 
Presently, due to the transfer of new technologies, many industrial processes need to be precisely controlled and 
checked. A great demand for highly efficient and widely applicable heating and cooling [1], ventilation [2], or 
combustion [3] devices has been generated. Consequently, heat transfer issues have increased in importance, from 
both scientific as well as practical standpoint. The most popular heat transfer applications are related to the cooling 
of the gas turbine engines [4] and nuclear reactors [5], and also to cooling towers [6], fire-fighting [7] and fuel cell 
technologies (such as diesel liquid-fuel rocket engines, fuel combustion chambers) [8], or the metalworking [9]. In 
such systems, the heat transfer processes occur at high temperatures, usually above the saturation point of a liquid 
coolant. 
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One of such cases is the heat treatment of metals and alloys, in which the temperature and the rates of heat 
dissipation are controlled. It is commonly known that obtaining high surface hardness of the material requires rapid 
cooling. In heat treatment processes, the final quality and appropriate material strength substantially depend on the 
rate of temperature decrease. 
 
Nomenclature 
Ad  area of  droplet projection on hot surface, m
2 
A0   droplet initial area, m
2 
cp  specific heat, J/(kg K)  
Dd  droplet diameter, m 
Dd,0  initial diameter,  m 
h  thickness, m 
KA1, KA2 coefficients defined in the text 
L   characteristic length, m 
R, r   radius, m 
RDL  Rayleigh number 
t   time, s 
T, Tw  wall temperature, 
oC 
TĞ, Tsat  ambient and saturation, temperatures, 
oC 
Qrad   radiative heat flux, W 
 
Greek symbols 
αC  heat transfer coefficient, W/(m
2 K)  
α1, α2  overall heat transfer coefficients (αC+αrad) for lower and upper surface respectively, W/(m
2 K) 
αrad  radiative heat transfer coefficient, W/(m
2 K) 
ε    emissivity 
O  thermal conductivity, W/(mK) 
U  density, kg/m3 
V  Stefan–Boltzmann constant, W/(m2K4) 
 
As a result, it is essential to monitor or check physical parameters of the process. Inappropriate choice of 
parameters can lead to the formation of voids in the metal microstructure, which initiate cracks [10]. Additionally, 
the process should be carried out uniformly over the entire surface in order to prevent the formation of cracks. The 
quenching process is carried at a high temperature in the range of film boiling. Liquid droplets are atomized on a hot 
base and levitate on a vapour cushion [12].  
The physical phenomenon in which the amount of vapour produced generates sufficient lifting force which is 
capable of supporting the droplet above the heating surface was first described by Johann Gottlob Leidenfrost in 
1756. It is still a subject matter of research conducted worldwide [12,13]. 
Study [14] presents investigations into droplet sizes and the heating surface temperatures in the range of 0.81 to 
9.3 mm and 245 to 370oC, respectively, at atmospheric pressure.  
The effectiveness of the transient cooling process in quenching is investigated in [15]. The subcooled oil-in-water 
emulsion, and separately, pure water jets were applied onto a hot metal disc preheated to 500-600oC. The efficiency 
of cooling with oil-in-water emulsion and pure water was compared. It is interesting that the heat fluxes of transient 
cooling were assessed by combining the measurement of experimental temperatures on the sample rear face with a 
semi-analytical method based on the inverse heat conduction problem. It was found that the maximum heat flux was 
almost the same for water and emulsion. At the beginning of the process, it was 12 MW/m2, and then decreased and 
stabilized at the level of 3÷4 MW/m2. 
For some applications, the evaporative cooling process should dissipate high heat fluxes from the heating surface 
[16]. When the phenomenon takes place under Leidenfrost conditions, it is very important to find an appropriate 
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coolant composition and to control the rate of its flow to the heating surface. Alternatively, external electric field can 
be used. That leads to film boiling suppression, and may adjust surface dryout, even at very high temperatures, up to 
500°C [17]. 
A wide review of the liquids containing various additives that improve the droplets evaporation heat transfer are 
discussed in [18]. 
Physical phenomenon of the evaporation of droplets in the range of film boiling, i.e. above the Leidenfrost point 
are discussed in [19, 20]. It was noted the droplet evaporation has exponential nature, which allows writing the 
dependence between the droplet vertical projection on the heating surface  and its lifetime [12]. Similar relations are 
also described in [20].  
The aim of the present paper is to provide numerical simulation of evaporative cooling achieved by spraying 
liquid droplets on a circular thin metal foil of different thickness. The disc initial temperature was maintained 
constant. The necessary boundary conditions needed for modelling phenomena were determined experimentally 
[19]. The mathematical model was implemented using MATLAB. 
2. Modelling 
Evaporating cooling is observed during thermal treatment in metal forming processes, e.g. in rolling. Firstly, to 
investigate the thermal effects on evaporating cooling, the geometry system shown in Figure 1 was assumed. The 
proposed arrangement with a wrapped heater allows the system heating and maintaining a constant temperature on 
the set edge. 
 
 
Fig. 1. Schematic diagram of the modelling system: 1 - plate, 2 - droplet, 3 – constant temperature holder. 
It is also assumed that the initial temperature of the cooled material considerably exceeds the Leidenfrost point. 
As a result, a liquid droplet placed on the hot surface evaporates with high intensity and the supporting lifting force 
is generated. A stable vapour cushion limits the rate of heat transfer. Although that causes an increase in the cooling 
process time, but it also prevents rapid temperature changes. Consequently, no undesirable changes in the material 
structure or subsurface micro cracks are observed in the technological process. 
For the thin metal foil cooling that is not very intense, the temperature change in the disc thickness can be 
neglected when the Biot number Bi<0.1. Additionally, the problem can be treated as unsteady and one-dimensional, 
and solved in the axisymmetric system. Therefore, the temperature distribution can be described by the following 
differential equation: 
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The last member on the right hand side of eq. (1) concerns the heat dissipated from upper and lower surfaces of the 
foil due to convection and radiation heat transfer.  
Under free convection conditions, the heat transfer coefficient for the bottom surface is calculated from the criterion 
equation, which is a function of the Rayleigh number [21]: 
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Accordingly, in the range of D/2<r<R for the upper surface [21]: 
4154.0 /αupperC LRL
λα     (3) 
Heat transfer between the heating surface and the droplet is very complex in character and has not been satisfactorily 
investigated yet. For large droplets, the dependence holding between the heat transfer coefficient Ddand average wall 
temperature beneath the droplet and also its projection area Ad  can be applied [22]: 
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Due to intense heat transfer, the liquid evaporates and the droplet size as well as its area decrease. In the literature, 
different relationships between the droplet area and its lifetime can be found [12, 20]. One of them is given in the 
form of the following power series: 
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where KA1 i KA2 are constant coefficients.  
 
For droplets with circular projected area, and for 0<rdD/2, Ddcoefficient can be calculated from eq. (4), and for 
droplets with the diameter range given in the literature [20], when Ad variation in time is taken into account, from 
e.g. eq. (5). 
Estimations indicate that the radiative heat flux from the heating surface is of the same order as the convective one 
and cannot be neglected [23, 24]. This value can be calculated using the heat transfer coefficient defined by the 
following formula: 
s
s
rad TT
TTεσα 
 
44
  (6) 
where Ts is an average temperature of the neighborhood. For the calculations, it is assumed this temperature is equal 
to the ambient temperature, Ts#Tf. 
The overall heat transfer coefficient D is the sum of convection and radiation components, i.e. D = DC+Drad(D1, D2 
for the upper and lower surface, respectively). In addition, estimations of the share of radiative heat flux underneath 
the droplet indicate that convection heat transfer is fundamental. Qrad represents only about 5% of the total heat 
exchanged between the heating surface and the droplet [25]. 
An effective solution of eq. (1) requires an initial condition, and also two boundary conditions, due to the degree 
of the equation. It is assumed that at the initial instant, just before the droplet is positioned on the thin circular metal 
foil of h thickness, the sample has a constant temperature Tw, i.e. 
constTrTt w    ),0(:0    (7) 
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It is also assumed that the disc edge maintains constant temperature Tw that is equal to the initial one: 
constTT(t,R) w      (8) 
The second boundary condition follows from the assumption of the symmetry. It is necessary to reset the first 
temperature derivative in an axis of symmetry: 
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  (9) 
Equation (1) describes unsteady temperature changes in the disc, and due to heat transfer coefficients given by 
the formulas from (2) to (6) is a nonlinear one. For such problems in very few cases it is possible to develop an 
effective method of accurate analytical solutions.  Usually the approximate solution of the nonlinear differential 
equations resulting from heat transfer could be found [26]. In some cases the problems are reduced to the inverse 
ones [27, 28, 29]. 
Presented solution is sought numerically using MATLAB computational software. For this purpose, the following 
set of finite-difference equations was written: 
 
- including the assumption of symmetry (see eq. (9)):   
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- for inner points:    
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- for r=R 
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Numerical calculations are performed according to the algorithm shown in Figure 2. 
3. Results 
The calculations were conducted for the thin cylindrical copper foil of the specific radius R=25 mm, different 
thickness (from 0.2 to 2.0 mm) and initial wall temperature of TwĬ297oC. The problem was solved in the polar 
coordinate system. On the basis of equations 10÷12, numerical calculations, in which initial and boundary 
conditions specified above were taken into account, produced estimations of temperature changes on the surface of a 
copper disc with the radius of R=25 mm in evaporative cooling. Figure 3 shows a bundle of exemplary curves, 
where solid lines indicate temperature drop in copper cooling, and broken lines represent temperature increase 
caused by a decrease in heat absorbed by the droplet. 
At the beginning of evaporative cooling, the foil temperature decreases to reach a minimum value of T=257.5oC 
(for t|5 s), which is followed by a measurable rise in T. Such a trend results from the droplet diameter Dd change in 
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evaporation, and is directly related to the heat transfer coefficient D. Initially, for bigger droplets, D has relatively 
low values, and then it increases exponentially with a decrease in the droplet surface area projection Ad. 
As can be seen from Figure 4a, temperature distribution depends significantly on the thickness of the plate. In the 
case of the copper foil with a thickness h=0.2 mm at t=0.05 s, the temperature at the centre decreases ~3.3oC, while 
the rate of the temperature decrease is above 61.5 K/s (see Fig. 4b). The corresponding values for the foil thickness 
of 1mm are 0.66oC and 12.6 K/s. For thickness of 2 mm, they are 0.33oC and 6.3 K/s respectively. The data given 
above indicate that evaporative cooling should carried out carefully, particularly for thin, or low conductivity 
materials to prevent undesirable changes in the material structure or surface microcracks creation. 
 
 
Fig. 2. The algorithm implemented using MATLAB for calculating the metal foil temperature in evaporative cooling. 
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Fig. 3. The copper foil wall temperature change versus its radius for h=0.2 mm in a few timesteps. 
 
Fig. 4. (a) the change of the minimum temperature (beneath the droplet) versus foil thickness at different times from the start of the cooling; (b) 
the rate of temperature change in time at the beginning of the cooling process (i.e. at t=0.05 s), versus foil thickness. 
4. Conclusions 
The fundamental findings from the analysis of the Leidenfrost droplet evaporation on the thin metal foil are as 
follows: 
x In the numerical analysis of temperature distribution on the copper disc of different thickness, it was assumed 
that the problem was unsteady, one-dimensional and axisymmetric. In the study, cooling for small Biot numbers, 
namely Bi<0.1 was analyzed. It allowed neglecting the temperature change over the foil thickness. 
x The rate of evaporative cooling basically depends on thickness of the base material. The thinner is the material, 
the higher rate of temperature change is observed.    
x The proposed algorithm, developed for a thin copper foil, can be used for simulations of other materials in 
evaporative cooling. 
The issues concerning heat transfer between the hot metal sample and the droplet under Leidenfrost conditions 
are complicated and further investigations, especially experimental ones, should be conducted in this field. 
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